Hsp70s are highly conserved ATPase molecular chaperones mediating the correct folding of de novo synthesized proteins, the translocation of proteins across membranes, the disassembly of some native protein oligomers, and the active unfolding and disassembly of stress-induced protein aggregates. Here, we bring thermodynamic arguments and biochemical evidences for a unifying mechanism named entropic pulling, based on entropy loss due to excluded-volume effects, by which Hsp70 molecules can convert the energy of ATP hydrolysis into a force capable of accelerating the local unfolding of various protein substrates and, thus, perform disparate cellular functions. By means of entropic pulling, individual Hsp70 molecules can accelerate unfolding and pulling of translocating polypeptides into mitochondria in the absence of a molecular fulcrum, thus settling former contradictions between the power-stroke and the Brownian ratchet models for Hsp70-mediated protein translocation across membranes. Moreover, in a very different context devoid of membrane and components of the import pore, the same physical principles apply to the forceful unfolding, solubilization, and assisted native refolding of stable protein aggregates by individual Hsp70 molecules, thus providing a mechanism for Hsp70-mediated protein disaggregation.
Existing Models for Hsp70-Mediated Protein Translocation into Mitochondria
The translocation of proteins across the mitochondrial membrane, through the translocase of the outer membrane (TOM) and translocase of the inner membrane (TIM) translocation pores, is mediated by the presequence translocase-associated motor (PAM) complex consisting of matrix-localized Hsp70 (mtHsp70), membrane-associated J domain-containing proteins (three identified so far, PAM16͞Tim16, PAM18͞Tim14, and Mdj2) (13) (14) (15) (16) (17) (18) (19) and the nucleotide exchange factor Mge1. In the ATP-bound state, mtHsp70 is in the open (unlocked) state, which is as yet unbound to the translocating protein substrate, whereas mtHsp70 is found anchored to the mitochondrial import channel by way of its transient association with the mitochondrial peripheral inner-membrane protein Tim44. In the ADP-bound state, mtHsp70 is tightly bound (locked) onto the incoming polypeptide and is not associated to the membrane (5, 18, 20, 21) (Fig. 1A) . Two mechanisms have been proposed to explain the ability of mtHsp70 to import tightly folded precursor proteins into mitochondria.
The Brownian ratchet model assumes that the transient binding of mtHsp70 to an incoming translocating chain forbids backward movements of the latter, because of the large volume of the chaperone that cannot enter the translocation pore, which, alone, would favor forward movements (5, 22, 23) . The energy from ATP hydrolysis is used here to fuel a conformational change in the chaperone from the unlocked to the substratelocked state and does not actively contribute to the movement.
The power-stroke model assumes that the energy from ATP hydrolysis is directly converted into a conformational change within the chaperone, resulting in both a high-affinity state for the substrate and, by using Tim44 as a fulcrum, in a lever-arm movement, generating a mechanical force capable of pulling the polypeptide into the matrix while unfolding it on the cytoplasmic side (21, (24) (25) (26) .
Existing Models for Hsp70-Mediated Protein Disaggregation
Bacterial Hsp70 (DnaK), regulated by J domain (DnaJ) and nucleotide exchange (GrpE) cochaperones can disaggregate stable protein aggregates without the assistance of other chaperones, such as GroELS or ClpB (9) . Moreover, when in at least a 2-fold molar excess over the heat-preaggregated model substrate, DnaK can mediate the reactivation of otherwise stable small enzyme aggregates (9, 27) . Based on biochemical evidence and theoretical considerations, individual Hsp70 molecules have been proposed to act as unfolding chaperones using the energy of ATP hydrolysis to disentangle misfolded structures at the surface of stable protein aggregates and gradually unfold misfolded polypeptides into natively refoldable ones (27, 28) . or other members of the chaperone network such as Hsp100, GroEL, CHIP, and Hsp90 (30) .
Here, we argue that, by fueling changes in the conformational freedom of the various components of the system, ATP hydrolysis in the Hsp70 molecule can indirectly drive forceful protein unfolding and translocation by a modified Brownian ratchet mechanism named entropic pulling. We examined by statistical physics the basic thermodynamic principles and molecular geometries that can fit a common mechanism for both Hsp70-mediated protein import across membranes and active unfolding of stable protein aggregates by Hsp70. The entropic pulling mechanism was found to be fully compatible with the disparate cellular activities of Hsp70. The entropic pulling mechanism settled apparent controversial data and arguments favoring either the Brownian ratchet or the power-stroke mechanism and, moreover, provided a mechanism by which Hsp70s can mediate the active unfolding and solubilization of stable protein aggregates in vitro and in the cell.
Entropic Pulling in Protein Translocation
An incoming polypeptide that has emerged into the mitochondrial matrix and not yet bound any mtHsp70 chaperones can access all available polymer conformations, with the exception of those that violate the excluded volume between the polypeptide and the membrane and the other proteins of the pore ( Fig. 2A) . Because of the large volume of mtHsp70, chaperone binding, thus, greatly increases the excluded-volume constraint, and the emerging preprotein segment is prevented from accessing those conformations for which a chaperone-binding site tightly bound to a mtHsp70 molecule would be closer to the membrane than one chaperone radius, i.e., Ϸ20-25 Å (31), else the excludedvolume constraint between mtHsp70 and the membrane would be violated (Fig. 2B and shaded region in Fig. 1 A) .
The number N(n) of conformations accessible to a preprotein segment composed of n amino acids between the pore exit and the chaperone-binding site is related to its entropy, S(n), by the formula S(n) ϭ k B lnN(n) (32) . Because of excluded-volume effects, the binding of mtHsp70 onto the entering preprotein reduces to N 70 (n) the number of conformations accessible to the preprotein and, thus, its entropy to S 70 (n) ϭ k B lnN 70 (n). Consequently, upon chaperone binding, the conformational contribution of the free energy for the entering preprotein changes by an amount ⌬F(n) ϭ ϪT [S 70 
⌬F(n) is the intrinsic contribution to the import process of mtHsp70 locking on the peptide.
We computed N(n) and N 70 (n) using realistic values of the persistence length of unfolded proteins (33) and of the size of Hsp70 (31) (see Materials and Methods). Our calculations revealed that, as the number n of residues between the mtHsp70-binding site and the pore exit increased, ⌬F(n) decreased as 1͞n (Fig. 3A , solid line), because the effect of the excluded volume between the chaperone and the membrane decreases for larger values of n (an explicit derivation using a less realistic but analytically tractable preprotein model provides a rigorous foundation for the inverse proportionality between ⌬F(n) and n, see supporting information, which is published on the PNAS web site).
A thermodynamic constraint for the binding process, and thus for the entropic pulling mechanism to be feasible, is that the overall free-energy change on Hsp70 locking, ⌬H ϩ ⌬F(n), be negative, where ⌬H is the affinity of the chaperone for its substrate. We found that ⌬F(n) is, at most, 3 kcal͞mol when n is small (Fig. 3A) , whereas the affinity of Hsp70 in the ADP form (locked state) for its substrates has been experimentally measured to be ⌬H Ϸ Ϫ9 kcal͞mol (20, 26, 34, 35) . Therefore, the constraint is verified, and the locking of Hsp70 onto its substrate is a thermodynamically favorable process.
Because, according to thermodynamics, all systems spontaneously tend toward the minimum of their free energy and, in this case, to the minimum of ⌬F(n), the number n of residues imported within the mitochondrial matrix must increase because of the locking of mtHsp70 on the entering polypeptide. Therefore, we found that the tight binding of mtHsp70 onto an entering polypeptide, with the concomitant decrease of its affinity for Tim44, can produce an effective pulling force of entropic origin on the polypeptide. The pulling force, which is proportional to the free-energy gradient, was found to be the largest, ranging between 10 and 20 pN, when the bound chaperone is the nearest to the membrane (n ranging from 8 to 15 residues). Thus, recruiting mtHsp70 (in the ATP state) at the pore exit by means of Tim44 binding exploits the full potential of the entropic pulling mechanism. Interestingly, a force of 10-20 pN is of the same order as the force of 20 pN predicted by the power-stroke mechanism of action of GroEL over misfolded proteins, showing that intrinsically different mechanisms can lead to similar effects (36) .
Whereas the typical energy of thermal fluctuations ranges Ϸ0.6 kcal͞mol, the free-energy differences induced in the entropic pulling region by mtHsp70 binding on the polypeptide were found to be significantly larger, up to 3 kcal͞mol (see Fig.  3A ), corresponding to a significant net pulling force applied on the entering polypeptide by the bound mtHsp70. Once the distance between the pore exit and the bound chaperone has exceeded 30 residues, our calculations showed that the freeenergy difference ⌬F has become smaller than the energy associated with thermal fluctuations (0.6 kcal͞mol), and the polypeptide has entered a new region, where no significant force is produced by the bound mtHsp70 molecule. In such a region, a true Brownian ratchet, capable of preventing retrotranslocation may be at work, because backward movements would bring the bound chaperone back into the entropic pulling region, whence it had just been forcefully expelled. This newly defined Brownian ratchet is different from the one originally proposed for protein translocation, because it relies on the inability of mtHsp70 to reenter the entropic pulling region rather than on the size incompatibility between the chaperone and the pore (5) .
As in the case of the Brownian ratchet, the release of the chaperone from Tim44 is fundamental to the entropic pulling mechanism, to allow the excluded-volume constraint between mtHsp70 and the membrane to be effective. In contrast, an unfolding and translocation power stroke would have to occur in Hsp70 prior to chaperone dissociation from Tim44. However entropic pulling, similar to the power stroke, can generate a strong pulling force inside the entropic pulling region, up to a length of Ϸ30 imported residues, whereas the Brownian ratchet cannot actively pull the entering polypeptide (Fig. 3A) . Notably, it has been found that, on average, incoming proteins may present a new typical Hsp70-binding site every 25-35 residues (37). Our finding that entropic pulling is effective up to 30 residues warrants that a second mtHsp70 molecule can bind the incoming polypeptide at the pore entrance, often before, or at least as soon as, the first Hsp70 molecule has exhausted its entropic pulling potential. Entropic pulling may, thus, carry a continuous, active pulling force until the whole polypeptide has been unfolded on the cytoplasmic side and has been fully translocated into the matrix.
Entropic Pulling Can Accelerate Protein Unfolding and Translocation
We also found that binding of mtHsp70 on the emerging polypeptide close to the pore exit changes the free-energy profile of unfolding for the preprotein and reduces the unfolding free-energy barrier by as much as 3 kcal͞mol.
When a folded (or otherwise compact) protein, blocked against the translocation pore, is pulled by the N terminus, its free energy increases with the C-to-N distance (38) , which, in the present context, is related to the number of residues unraveled from the protein structure and inserted into the pore. The shape of the free-energy curve shows an upward curvature, a signature of the cooperative nature of protein unfolding (39) , as recently highlighted in single-molecule experiments (40) . The dashed line in Fig. 3B represents such a stylized free-energy profile.
The locking of an Hsp70 molecule, at the pore exit, to a preprotein that is in a folded (or otherwise compact) state cannot promote import until the preprotein unfolds. As it is known from single molecule experiments, mechanical pulling of proteins at constant force accelerates protein unfolding by lowering the free-energy barrier of unfolding according to the Bell formula (41), which is an example of the more general Kramers' escape-rate formula. Entropic pulling applies a force, which is the gradient of ⌬F(n) (Fig. 3A, solid line) , that is not constant but decreases with the number n of unraveled residues. The resulting free-energy profile is, therefore, obtained by adding the free-energy ⌬F(n) associated with the pulling force to the free-energy profile of unfolding, resulting in a new free energy of unfolding (Fig. 3B, solid line) with an equilibrium state that is partially unfolded (the minimum at n ϭ 8).
More importantly, we found that chaperone binding close to the pore exit reduces the free-energy barrier of unfolding of about 3 kcal͞mol, from ⌬G to ⌬G 70 (Fig. 3B ). Because the rates k u of protein unfolding driven by thermal fluctuations decrease exponentially with the free-energy barrier of unfolding ⌬G, according to Kramers' formula k u (⌬G) ϭ k 0 exp(Ϫ⌬G͞k B T) (39) , the reduction of ⌬G of 3 kcal͞mol by entropic pulling accelerates unfolding events up to 100-fold.
According to these calculations, the acceleration of unfolding should apply equally to loosely and to tightly folded domains, the slower unfolding rates of tightly folded domains (5) being ascribed to intrinsically lower rates of thermally driven unfolding fluctuations. Noticeably, even when chaperone binding may not occur closest to the pore exit, as in the case of Tim44-depleted mitochondria (42, 43) but still in the entropic pulling region, some acceleration of thermally driven unfolding and translocation is possible (Fig. 3C) . Hence, even if mtHsp70 was forced to bind the incoming polypeptide (assisted by the soluble Hsp40) halfway from the membrane into the entopic pulling region, an acceleration of translocation would yet be in the order of 20-fold higher than if only the Brownian ratchet was in effect.
Because protein folding͞unfolding is an all-or-none cooperative process (39, 44) , domains on the cytoplasmic side are either fully folded or unfolded and, thus, available for translocation. The same force accelerating unfolding will, thus, immediately pull into the mitochondrial matrix any preprotein that would spontaneously visit the unfolded state and, so, hinder subsequent refolding events on the cytoplasmic side. A single mechanism can thus explain both the mtHsp70-mediated ATP-consuming unfolding ability, previously seen as a power-stroke signature, and the prevention of refolding of the protein on the cytoplasmic side, previously attributed to the Brownian ratchet in its targeted version (45) .
Entropic Pulling Applies to Hsp70-Mediated Disaggregation and Unfolding of Misfolded Monomers
Contrary to protein import across membranes, Hsp70-mediated protein disaggregation takes place without a membrane pore and membrane-anchoring components. Yet, we found that the same entropic pulling mechanism described above can apply to Hsp70-mediated unfolding͞disaggregation and reactivation reactions. Here, ends and loops exposed at the surface of the aggregate cannot access the volume of the aggregate itself. DnaK can specifically bind to extended hydrophobic protein segments at the surface of the stable protein aggregates (9): In this case, upon Hsp70 binding, more space becomes forbidden (Fig. 1C, shaded  region) .
An aggregate can be modeled in a simplified way as a forbidden sphere with exposed polypeptide loops, accessible to Hsp70, some of which with chaperone-binding sites. A sphere of infinite radius would correspond to a very large aggregate or to a membrane (Fig. 3A, solid line) . Our thermodynamic calculations showed that, as the size of the aggregate (the sphere in the mathematical model) decreased, different free-energy profiles were obtained. For the sake of clarity, we show in Fig. 3A only the curve for the smallest aggregate (dashed line), corresponding to the stably misfolded 56-kDa glucose-6-phosphate dehydrogenase (G6PDH) monomer (9, 27) . For all aggregate sizes, the free-energy change caused by Hsp70 binding was found to be significantly reduced by increasing the number n of free residues between the aggregate (the inaccessible sphere) and the chaperone-binding site on a given exposed peptide segment (Fig. 3A) . Increasing n, i.e., unraveling residues from the aggregate, is, thus, thermodynamically favorable and leads to progressive local unfolding and disaggregation.
Experimentally, Ben-Zvi et al. (27) showed that aggregates are effectively reduced by substoichiometric amounts of DnaK but that the complete Hsp70-mediated reactivation of misfolded enzyme monomers is obtained only in the presence of at least a 2-fold molar excess of chaperones per misfolded polypeptide substrate (27) . We modeled here two Hsp70 molecules concomitantly bound to the opposite ends of a misfolded region on the same polypeptide (Fig. 1C) and found a similar free-energy landscape as in the case of a small misfolded monomer (of the same size as Hsp70) bound to a single chaperone molecule (Fig.  3A, dashed line) . Our computations explained the biochemical evidence of Ben-Zvi et al. (27) and confirmed that a pair of Hsp70 molecules can, indeed, cooperate at applying a stretching force by entropic pulling, allowing, upon chaperone release, the spontaneous native refolding of the newly unfolded region.
Thus, because several Hsp70 molecules can bind to the same misfolded polypeptide substrate, the general mechanism of entropic pulling that we uncovered in the case of protein translocation does not require a specific anchor protein to exert a pulling force: Such role can be played by the aggregate itself or, in the case of misfolded monomers, by other chaperone molecules bound elsewhere on the same polypeptide. Here, entropic pulling does not need a pore to act, as would be in the case of a Brownian ratchet, because thermal fluctuations are rectified by the free-energy gradient (Fig. 3A) .
Experimental Confirmation That MtHsp70 Can Disaggregate Misfolded Proteins
We presented here thermodynamic arguments for a basic molecular mechanism that must be common to different Hsp70s, despite apparent disparities in their cellular functions. Here, we addressed the ability of mtHsp70, without the ClpB homologue, to disaggregate a stable model protein substrate, G6PDH, under conditions where DnaK, DnaJ, and GrpE efficiently unfold and reactivate this enzyme (27) . When mtHsp70 was substituted in the refolding assay to DnaK, the mitochondrial chaperone was found to effectively mediate in vitro protein disaggregation and native G6PDH refolding up to 55% yields (Fig. 4) . Although less efficient than the control reaction with bacterial DnaK (and DnaJ and GrpE), we conclude that mtHsp70 is clearly able to function as a disaggregating and unfolding Hsp70 chaperone, even without ClpB (46) and Tim44 and when membraneanchored PAM18͞Tim14 is replaced by soluble DnaJ. Because mtHsp70 is unquestionably the motor driving the translocation of nuclear-encoded proteins into mitochondria, this strongly suggests that the conserved Hsp70 molecules in the various compartments of the cells operate by means of a similar simple mechanism, which is likely to be the forceful pulling and local unfolding of misfolded, alternatively folded, or translocating protein substrates (28) . Moreover, this result supports a role for Tim44 that is less general and essential as compared with that of GrpE and of the J domain protein, as suggested by the delayed but effective protein import in Tim44-depleted mitochondria (42, 43) .
The Role of Hsp70 Cochaperones
Effective entropic pulling requires a delicate balance of the time the chaperone spends in the locked state, during which local unfolding may occur, and the time the chaperone spends in the unlocked state, during which local native refolding of the substrate may occur. Two classes of cochaperones regulate this delicate balance.
J domain proteins catalyze ATP hydrolysis in Hsp70s, essential for the tight locking of the chaperone on its substrates (30, 47, 48) . Moreover, it has been shown that the initial binding of DnaJ to the protein substrate, by way of its protein-binding domain, is essential for subsequent efficient binding of DnaK to its substrates and for efficient assisted protein refolding (48) . Entropic pulling is the first mechanism that can account for this observation: Aggregate-bound DnaJ could entrap free-moving lowaffinity DnaK (ATP-bound) molecules in the solution by catalyzing with the J domain, ATP hydrolysis, and the tight locking of DnaK on a nearby misfolded substrate. In the case of mitochondrial-protein import, Tim44 could act as the chaperone-entrapping device, targeting unbound Hsp70 at the pore exit (13, 17, 49) , whereas the role of the nearby membrane-bound J domain proteins (PAM18͞Tim14 and PAM16͞Tim16) would be limited, in this case, to the sole triggering of mtHsp70 locking onto the incoming polypeptides (18) .
Nucleotide exchange factors (e.g., GrpE in bacteria and Mge1 in mitochondria) accelerate ADP release from the ATPase domain of Hsp70, a step of the ATPase cycle that is required to allow chaperone unlocking from its substrates and subsequent local native refolding. Whereas the central physical principle of entropic pulling entirely relies on the binding of Hsp70s to their misfolded or translocating substrates, the two cochaperones regulate the time the chaperones must spend in the bound and unbound states, to allow optimal local unfolding and͞or translocation and optimal local refolding, respectively.
Conclusions
Entropic pulling describes the thermodynamic basis for a universal mechanism for Hsp70 chaperones, allowing them to apply a pulling, and ultimately unfolding, force to their various protein substrates. Entropic pulling unifies the two Hsp70 functions of protein disaggregation and mitochondrial protein import. In the translocation context, entropic pulling settles decade-long debates between translocation by Brownian ratchet and by power stroke, by naturally integrating the ratcheting property of the former and the active pulling action of the latter in a single framework. The very simple mechanism of entropic pulling suggested here also justifies the ability of antibodies to import specific substrates into endoplasmic reticulum Sec-reconstituted vesicles (8) . From a more general point of view, entropic pulling validates on a rigorous basis the definition of Hsp70 chaperones as unfoldases, that is, enzymes catalyzing the (local) unfolding of native-like or otherwise misfolded proteins (27, 28) .
Materials and Methods
Chaperone Reactivation Assay. G6PDH (0.85 M) from Leuconostoc mesenteroides (Sigma) was incubated for 7.5 min at 52°C in 100 mM Tris, pH 7.5, 100 mM KCl, 10 mM MgAc 2 , and 10 mM DTT. The residual activity after the inactivation was Ͻ2%. For the chaperone-mediated reactivation assays, the stable G6PDH aggregates (0.75 M, final concentration) were incubated at 30°C with 4 mM ATP, 5 mM phosphoenol pyruvate, and 10 g͞ml pyruvate kinase (Sigma), Escherichia coli DnaJ (0.8 M), GrpE (0.8 M), and DnaK (3.5 M) or recombinant mtHsp70 (3.5 M) from yeast mitochondria instead of DnaK. The enzymatic activity of G6PDH was measured at 25°C as in ref. 9 . MtHsp70 was purified as described in ref. 3 .
Theoretical Calculations. The data for Fig. 3 have been obtained by counting the number N(n) of chaperone-unbound polymer conformations, of a sample of 10 6 , that do not enter any forbidden region (membrane or aggregate volumes) as a function of the number of emerging residues from the translocating Fig. 4 . Time-dependent reactivation of stable G6PDH aggregates. Stable G6PDH were formed at 52°C and reactivated at 30°C in the presence of bacterial DnaK or yeast mtHsp70, the bacterial cochaperones DnaJ, GrpE, and ATP.
polypeptide. Conformations retained in the previous set and whose last residue falls in a shaded region in Fig. 1 were excluded from the count of the number N 70 (n) of chaperone-bound available conformations. The free energy of the system is thus F ϭ k B Tln[N 70 (n)], which can be rewritten as F ϭ ⌬F ϩ k B Tln[N(n)], where the term ⌬F ϭ Ϫk B Tln[N 70 (n)͞N(n)] represents the contribution intrinsically due to the binding of Hsp70, and it is the term that interests us here. We also checked that increasing the polymer sample from 10 5 to 10 6 polymers does not change the ratio N 70 (n)͞N(n) and just reduces statistical fluctuations. We thus used the larger sample.
Experimentally, preproteins have been found to interact with matrix proteins in unstructured, flexible conformations (50, 51) . Therefore, polypeptides have been described as freely jointed chains (FJC) with a Kuhn length of 1.2 nm (corresponding to 3-4 residues) (33) . Modeling proteins as worm-like chains with persistence length varying between 5 and 10 Å, as measured in experiments (33), does not significantly change the results. Hsp70 chaperones have been modeled as spheres with radius of 20 Å attached to the final bead of the FJC. These quantities are difficult to gauge precisely: The ATPase domain alone of Hsp70 could actually be inscribed in an ellipsoid with principal axes of 4, 4, and 6 nm (31). We would expect a more realistic model of Hsp70, including also the protein-binding domain, to lead to a more pronounced entropy reduction and to a stronger pulling. For lack of a three-dimensional structure of the Hsp70 whole molecule, our predictions cannot be more precise, although we expect our estimation to be an underestimation of the real effects because of the conservative nature of the chaperone model.
